We have compiled the first all-sky mid-infrared variable-star catalog based on Wide-field Infrared Survey Explorer (WISE) five-year survey data. Requiring more than 100 detections for a given object, 50,282 carefully and robustly selected periodic variables are discovered, of which 34,769 (69%) are new. Most are located in the Galactic plane and near the equatorial poles. A method to classify variables based on their mid-infrared light curves is established using known variable types in the General Catalog of Variable Stars. Careful classification of the new variables results in a tally of 21,427 new EW-type eclipsing binaries, 5654 EA-type eclipsing binaries, 1312 Cepheids, and 1231 RR Lyraes. By comparison with known variables available in the literature, we estimate that the misclassification rate is 5% and 10% for short-and long-period variables, respectively. A detailed comparison of the types, periods, and amplitudes with variables in the Catalina catalog shows that the independently obtained classifications parameters are in excellent agreement. This enlarged sample of variable stars will not only be helpful to study Galactic structure and extinction properties, they can also be used to constrain stellar evolution theory and as potential candidates for the James Webb Space Telescope.
Introduction
Periodic variable stars exhibit regular or semi-regular luminosity variations. They are usually discovered through time-domain surveys. The period is usually related to the object's physical or geometric properties. The masses, luminosities, radii, and ages of variable stars can be partially evaluated on the basis of their periods. Therefore, variables are important objects not only to study Galactic structure, but also for constraining stellar evolution. Among the wide diversity of variable stars, classical Cepheids are the most important distance tracers used to establish the cosmological distance scale.
Before the 1990s, many thousands of periodic variable stars were found and studied, often in individual papers. After the 1990s, large-scale surveys became available and the number of periodic variable stars increased rapidly. The Massive Compact Halo Object survey (MACHO; Alcock et al. 1993) found some 20,000 variable stars in the Large Magellanic Cloud (LMC). Over the course of more than 20 years, the Optical Gravitational Lensing Experiment (OGLE), releases I-IV (Udalski et al. 1994 (Udalski et al. , 2015 , detected more than 400,000 variable stars in the Magellanic Clouds and the Galactic bulge. A Fourier method was developed to classify different types of variables (Soszynski et al. 2008a (Soszynski et al. ,b, 2009 ). This survey directly led to a better understanding of the distance to and structure of the LMC (Pietrzynski et al. 2013; Inno et al. 2016 ).
The All Sky Automated Survey (ASAS; Pojmanski et al. 1997 ) was the first survey to cover almost the entire sky, probing objects down to V ∼ 14 mag. The resulting catalog contained of order 10,000 eclipsing binaries and 8000 periodic pulsating stars (Pojmanski et al. 2005) . Similar surveys in the R band were the Robotic Optical Transient Search Experiment (ROTSE; Akerlof et al. 2000) and, subsequently, the Northern Sky Variability Survey (NSVS; Wozniak et al. 2004 ); Hoffman et al. (2009) identified 4659 periodic variable objects in the NSVS. Recently, near-Earth object (NEO) surveys have provided new opportunities to find additional periodic variables. Sesar et al (2011) and Palaversa et al. (2013) found and classified 7000 variables in the course of the Lincoln Near-Earth Asteroid Research (LIN-EAR). Significant progress was made in the context of the Catalina Sky Survey's Northern (Drake et al. 2014) and Southern (Drake et al. 2017) catalogs, which identified some 110,000 periodic variable stars with magnitudes down to V ∼ 20 mag. This massively increased the sample of eclipsing binaries and RR Lyrae, which has resulted in a better understanding of both the solar neighborhood and the structure of the Galactic halo (Drake et al. 2013; . Nevertheless, all of these surveys were conducted at optical wavelengths, which prevented detailed studies of the heavily reddened Galactic disk. The VISTA Variables in Vía Láctea (VVV) team conducted a near-infrared (NIR) K s -band multi-epoch survey of the Galactic bulge and southern disk. They found 404 RR Lyrae in the southern Galactic plane (Minniti et al. 2017 ).
The study of variables in the infrared has great potential given the current availability of the Spitzer Space Telescope and the Wide-field Infrared Survey Explorer (WISE), and also in view of the soon to be launched James Webb Space Telescope (JWST). Studies of variables in the infrared view can benefit our understanding of infrared extinction, since the universality (or otherwise) of the infrared extinction law is still being debated (e.g. Matsunaga et al. 2018) . Studies using the red clump as a diagnostic tool imply a relatively universal extinction law in the NIR but a variable mid-infrared (MIR) extinction law (Wang & Jiang 2014; Zasowski et al. 2009 ). Compared to using the red clump, samples of periodic variables can be isolated and identified much better. Cepheids and RR Lyrae, well-understood secondary distance tracers, can also be used to study the structure of and distances to the Galactic arms, bulge, bar, and center. Matsunaga et al. (2011) first detected three classical Cepheids in the Galactic Center's nuclear stellar disk based on NIR photometry. Feast et al. (2014) traced the flaring of the outer disk based on five classical Cepheids using both optical and NIR photometry. The spiral arm are expected to be delineated by these variables. In addition, the number of stars accompanied by dust shells or disks will increase prominently if selections are based on infrared observations. This provides additional opportunities to better understand the physical properties of Miras, semi-regular variables, Be stars, and many other types of variables.
In this paper, we collect the five-year WISE data to detect periodic variables across the entire sky. More than 50,000 high-confidence variables are found, filling the gaps in the Galactic plane. An all-sky variable census is achieved down to a magnitude W 1 ∼ 14 mag (G ∼ 16 mag). Light-curve and photometric analyses are used to classify the variables. More than 34,000 new variables are found. The data are described in Section 2. The methods adopted to identify and classify variables are discussed in Sections 3 and 4, respectively. Our new variable catalog and a comparison of its properties with previously published parameters are included in Section 5. Section 6 presents the light curves of different variables and Section 7 concludes the paper.
WISE multi-epoch data
WISE is a 40 cm (diameter) space telescope with a 47 ×47 field of view. It was designed to conduct an all-sky survey in four MIR bands, W 1 (3.35 µm), W 2 (4.60 µm), W 3 (11.56 µm), and W 4 (22.09 µm). WISE began to operate in survey mode in 2010 January; it covers the full sky once every half a year (Wright et al. 2010) . The solid hydrogen cryostat was depleted in 2010 September, upon which a four-month NEOWISE Post-Cryogenic Mission (Mainzer et al. 2011) continued to accomplish the second all-sky coverage. The data resulting from these two epochs were packaged as the ALLWISE Data Release, characterized by an enhanced accuracy and sensitivity compared to the WISE All-Sky Data Release. Next, WISE entered into a hibernating state for two years and was reactivated in 2013 October. WISE operations are currently continuing with a mission called the 'near-Earth object WISE reactivation (NEOWISE-R) mission'. At present, four years of NEOWISE-R data have been released.
Without cryogen, NEOWISE-R only performs photometry in two bands, W 1 and W 2. Therefore, by combining ALLWISE and NEOWISE-R, five whole years and photometric data covering at least 10 epochs are available for each object. During each epoch, some 10-20 images were taken of any one field with intervals of 0.066 or 0.132 days; the total exposure time for a given epoch ranged between 1.1 and 1.4 days. The majority of stars have more than 100 detections and variables with periods in the range of 0.14-10 days can be identified adequately. The zeropoint differences between ALLWISE and NEOWISE-R were discussed in detail by Mainzer et al. (2011) ; a systematic difference of ∼0.01 mag and a statistical scatter of 0.03-0.04 mag for 8 < W 1 < 14 mag and 7 < W 2 < 13 mag were found. The angular resolution of WISE, as a function of passband at increasing wavelengths is 6.1 , 6.4 , 6.5 , and 12.0 , which is much lower than that of the Two Micron All Sky Survey (2MASS; Cutri et al. 2003) . To reduce blending, 2MASS photometry was used to assist. The combination of NIR and MIR photometry was also used to select variable stars exhibiting infrared excesses.
The ALLWISE and NEOWISE-R catalogs contain about 100 billion rows of data for 0.7 billion individual objects. This is simply too large a number to access the entire database and perform the analysis. Therefore, we only focused on objects that are high-probability variables, i.e., with AllWISE Source Catalog keyword 'var flg ' = 6, 7, 8, or 9 . Although this selection could potentially omit a small number of variables, it is indeed helpful to avoid the detection of pseudo-light variations. The total number of candidates is 2.7 million. Data pertaining to multi-epoch photometry was collected by selecting angular distances of less than 1 for any given object. Detections with 'null' magnitude uncertainties were excluded, since their magnitudes were either not measurable or 95% confidence-interval upper limits. This selection criterion also excludes photometry with poor signal-to-noise ratios, snr = 'null,' and poor reduced χ 2 resulting from the profile fits, rchi2 = 'null.' qi f act > 0, saa sep > 0, moon masked = 0, and qual f rame > 0 were adopted to exclude other types of contamination or biases: qual f act is the frame quality score, which ranges from 0 to 10 (0 represents the lowest quality, i.e., sources that are spurious detections due to noise noise, or objects affected by transient events or scattered light), qi f act is the image quality score (where qi f act = 0 represents the lowest quality), and saa sep is the distance to the boundary of the South Atlantic Anomaly, in degrees (saa sep > 0 means that WISE is on the outside). Finally, moon masked = 0 denotes that the frame is not located in the moon-masked area.
Identification of periodic variables
To identify periodic variables, the Lomb-Scargle periodogram (Lomb 1976; Scargle 1982) method was adopted. The input frequency ranged from 0.01 to 7 day −1 with a step length of 0.0001 day −1 , so it covered periods between 0.143 and 10 days, with an ideal accuracy of better than 0.01%. Periods were derived from the frequency associated with the maximum power spectral density (PSD). The standard deviation of the frequencies, σ 50% , and σ 95% were estimated based on PSDs greater than 50% and 95% of the maximum PSD, respectively. The preliminary period uncertainty, σ 1 (P ), was estimated based on the latter. σ 50% < 0.21 and σ 1 (P )/P < 0.20 were used to select variable candidates; σ 50% = 0.21 is the boundary where the peak becomes flat. This selection resulted in a rate of false noise of less than 10%. Then, we adopted a fourth-order Fourier analysis f = a 0 + 4 i=1 a i cos(2πit/P + φ i ) to fit each light curve, and adjusted R-square (R 2 > 0.7) and root-mean-squared error (RMSE < 0.05) were combined to select candidates. The phase idleness rate was estimated using a bin size of 0.01, and objects with idleness rates greater than 50% were excluded. In addition, objects with poorly fitting light curves were excluded through higher-order amplitude selection, a 3 > 0.08 mag or a 4 > 0.08 mag. After application of these selection criteria, 68,034 candidates remained.
Based on a visual check of the light curves of some candidate variables, it became clear that major problems were caused by the imhomogeneous distribution of the data points. This would lead to the derivation of incorrect periods. The data were divided into five bins, by phase, without enforcing a fixed starting point, and the number probability, mean deviation, and scatter around the best-fitting Fourier line in each bin were estimated. Note that the mean deviation and scatter were given in units of total amplitude. These three parameters were used to exclude objects located outside the 3σ boundaries for any given selection choice and outside 1σ for all three selection criteria. The objects thus excluded were flagged as suspected variables, since their period could likely be improved with larger numbers of detections.
The final selection step aimed at excluding objects with unstable periods, especially among long-period objects. The best periods were determined using the four-and fiveyear data separately. Objects with period differences in excess of 10% were also excluded as suspected variables. The remaining objects comprised our sample of high-confidence variables. The period difference was treated as a second period uncertainty, σ 2 (P ), and the final period uncertainty was the larger of σ 1 (P ) and σ 2 (P ). The total number of variables thus obtained was 50,296. The W 1 magnitude distribution of these variables is shown in the left-hand panel of Figure 1 . Most are in the magnitude range 8 < W 1 < 14 mag, where the zeropoint differences between ALLWISE and NEOWISE-R are negligible. The right-hand panel of Figure 1 shows the W 1-band detection numbers, with a upper limit of 600 (489 variables have more than 600 detections). We can infer that only 2853 variables have fewer than 100 detections, which means that our final sample of 50,296 variables is well-covered in the W 1 band. Figure 2 is the amplitude versus period diagram, which is used to detect false positives. False signals due to sampling patterns would produce a random distribution in amplitude for a given period (Drake et al. 2014) . Based on Figure 2 , we assert that no such false signals are detected among our 50,296 variables.
Classification of periodic variables
To classify the types of periodic variables, their colors, periods, and shapes of the light curves were used. We tested our classifications using variables with known classifications from the General Catalog of Variable Stars (GCVS). In the magnitude detection range of WISE, 80%, 60%, 49%, 46%, 43%, and 42% of EW-type eclipsing binaries (EWs), classical Cepheids (Cep-Is), Type-ab RR Lyrae (RRab), EA-type eclipsing binaries (EAs), Typec RR Lyrae (RRc), and Type II Cepheids (Cep-IIs) were confirmed. We did not detect Mira variables because of their long periods. Therefore, we used GCVS Miras to analyze the infrared excesses of our sample Miras. To guide our classification, Figure 3 shows the distributions of variables using different parameters. Infrared excess. Since the variable stars were selected in the infrared, a number of objects are expected to have intrinsic infrared excesses owing to the presence of circumstellar dust disks or shells. To exclude these objects from normal stars, Flaherty et al. (2007) Figure 3a shows the Gaussian kernel smooth density distributions of several types of variables. EAs, EWs, RRab, RRc, and Cep-Is all satisfy the criterion, while the evolved Miras entirely exceed it. Variables with infrared excess include not only Miras, but also Be stars, young stellar objects, and a small fraction of Cep-II.
Periods. Periods of variables are in part related to their luminosities and masses, so different types of variables have characteristic periods. In Figure 3d , e, and f, different colors and symbols denote the period distribution of these variables (for eclipsing binaries we provide half periods). From short to long periods, we encounter EWs, RRc, RRab, EAs, Cep-Is and Cep-IIs. Although EW-type eclipsing binaries are found with periods ranging from 0.19 days to a few dozen days, the vast majority have periods of less than 1 day. EA-type eclipsing binaries also span a wide period range. However, the majority have periods longer than 1 day. The period ranges of RRc and RRab are relatively concentrated: 0.16 < P < 0.50 days and 0.32 < P < 1.00 days, respectively (Clementini et al. 2018 ). CepIIs were divided into three subtypes: BL Herculis (BL Her), W Virginis (W Vir), and RV Tauri (RV Tau), with the corresponding period ranges 1.0 ≤ P < 4.0 days, 4.0 ≤ P < 20.0 days, and P ≥ 20.0 days (Soszynski et al. 2008b) . In this paper, we could only detect BL Her and W Vir variables. The periods of Cep-Is are usually longer than 2.24 days (Gaia Collaboration 2017).
Colors. Since the distances to our variables are usually unknown, we adopted their intrinsic colors instead of their absolute magnitudes. EW-type eclipsing binaries are redder than main-sequence stars, and they become bluer for increasing orbital periods. RRab and RRc are bluer still and concentrated in a narrow color range (see also Drake et al. 2014) . They become slightly redder for increasing periods, which is caused by changes in the bolometric correction. Cep-Is also become redder with increasing of period. Since Galactic Cep-Is are usually located in the heavily reddened mid-plane, they are often associated with significant extinction and reddening. Figure 3e and f shows the distributions of our variables in K s −W 1 and G−W 1 color vs. log P space. The intrinsic colors of contact binaries and Cepheids (Gaia Collaboration 2017; Wang et al. 2018 ) are shown as the black and blue dashed lines, respectively, for reference. Note that Cep-IIs exhibit a wide spread in K s − W 1 color, which is the result of their intrinsic infrared excesses rather than foreground reddening. For variables affected by low reddening, EWs are redder than G − W 1 = 1.0 mag, RRcs are bluer than G − W 1 = 1.0 mag, while RRab are found in the range of 1.0 < G − W 1 < 1.5 mag. However, for variables affected by significant reddening, no color selection criteria are available, since K s − W 1 is both reddening and temperature insensitive.
Light curves. The shape of the light curve is of key importance to distinguish among variables. In Figure 3c , eclipsing binaries have more symmetric light curves, which is reflected in the phase difference φ 21 = φ 2 −2φ 1 . This may deviate from 0 or 2π (we adopt 2π uniformly) because of low photometric accuracy, low amplitude, or complexity in the light curve. In the WISE W 1 band, 85% of EWs and 93% of EAs in the GCVS have phase differences in the range |φ 21 − 2π| < 0.1π. On the other hand, pulsating stars exhibit asymmetric light curves, which become more symmetric from optical to infrared wavelengths. Nevertheless, in the W 1 band the asymmetry is still recognizable. The phase differences of RRab increase with period in the range of [1.5 − 2.0]π. RRc have a random distribution of φ 21 because of their low amplitudes. Cep-Is have a phase difference in the range φ 21 = [1.5 − 2.1]π for 2 < P < 10 days and a random distribution around P = 10 days. The global trend is similar to that in the I-band Fourier analysis based on the OGLE survey (Soszynski et al. 2008a ). Our limited sample of Cep-IIs are more scattered than the classical Cepheids. The amplitude ratio R 41 = a 4 /a 1 could be used to distinguish EAs from other types of variables, since Cep-Is and EWs exhibit a cut-off at R 41 = 0.25 and 0.20, respectively (see Figure  3b) . The amplitude is the other characteristic parameter. Figure 3d shows the distribution of the best-fitting amplitudes. Note that the amplitudes were only used to classify the variables; the optimal amplitudes were redetermined after the classification step (see Section 5.4). Eclipsing binaries show a random distribution between 0.05 mag and 0.75 mag while pulsating stars are characterized by a more concentrated distribution. RRc have the lowest amplitudes (mostly less than 0.15 mag); the amplitude distribution of RRab and RRc is comparable to that of Gavrilchenko et al (2014) . The amplitude of Cep-Is is usually smaller than 0.3 mag, while Cep-IIs show a wide distribution.
Variable types
Employing the combination of these properties, EW-and EA-type eclipsing binaries, RR Lyrae, Cep-Is, Cep-IIs, and variables exhibiting an infrared excess could be classified (see Figure 4 ). Note that we did not use any color information, since many of our sample objects were reddened, so that intrinsic colors could not be determined. Table 1 lists the criteria adopted to classify the different types of variables. Infrared-excess variables were selected only for periods longer than 2.24 days, using W 12JK = W 1 − W 2 − 0.12(J − K s ) > 0. Most were Miras and semi-regular variables (SRs), although small fractions of Cep-IIs, Be stars, and young stellar objects contaminated the selection. We were unable to detect any Miras or SRs with accurate periods, since the periods of these types of objects far exceed 10 days. 
Therefore, all such candidates were added to the suspected variables catalog.
Given the more symmetric MIR light curves, the boundary between RR Lyrae and eclipsing binaries was less obvious. Therefore, we only selected RR Lyrae exhibiting obvious asymmetries, φ 21 < 1.9π, in the period range attributed to RR Lyrae; the remaining objects were classified as 'EA/RR/EW.' Compared with RRab, RRc have shorter periods and smaller amplitudes. They could not be easily classified. These latter objects are found mixed in with the EW, RR, and miscellaneous variables ('Misc'). Cep-Is and Cep-IIs could be distinguished approximately by their amplitude and phase differences. EA-type objects were excluded from the Cep-I/II bin based on their larger amplitude ratio. The light curves of Cepheids were checked by eye to exclude long-period eclipsing binaries, because eclipsing binaries spend less time in the actual eclipse. Some 5-10% of the Cepheid subsample are likely eclipsing binaries. Anomalous Cepheids (ACeps) are mixed with Cep-Is and Cep-IIs in the period Fig. 4 .-φ 21 − log P diagram defined by our 50,296 variables. The distribution is similar to Figure 3c . Eclipsing binaries are most obvious around φ 21 = 2π. RRab and Cep-Is are found in two overdense regions, −0.5 < log P < 0.0 and log P > 0.5, respectively (see also Figure 3c . range 1.0 < P < 2.24 days. The remaining variables were eclipsing binary candidates.
Note that the parameter P used in this case is the half-period of the eclipsing binaries. To distinguish between EW-and EA-type eclipsing binaries, we reran our Fourier analysis using the full periods. The curves a 4 = a 2 (a 2 + 0.125) and a 4 = (a 2 + 0.375) were adopted to refine the EA and EW selection (see also ; a 2 and a 4 are the amplitudes of the second-and fourth-order Fourier series. Objects located near the boundary were classified as 'EW/EA.' A few hundred candidates showing asymmetric light curves across their full periods were reclassified as RR Lyrae. EB-type (β Lyrae) eclipsing binaries could not be classified and are mixed with the EA and EW types (see also Drake et al. 2017 ). Variables such as RS CVn, δ Scuti objects, and rotating stars could not be classified since their MIR light curves did not provide sufficient characteristic features. These latter variables are either mixed with the other types or classified as Misc.
The Catalog
The WISE catalog of variables, containing 50,282 periodic variables, is provided in Table  2 . Fourteen known RRd-type variables have been excluded (see Section 5.2 and Table 4 ). Its column designations represent the following. 'ID' refers to the instrument and position, 'SourceID' is the number associated with the single exposure photometry catalog and 'num' is the number of detections. '< W 1 >, < W 2 >, Period, err P /P , and Amp. F10 ' are the mean magnitudes in two bands, period, period uncertainty, and amplitude, respectively, determined by means of Fourier fitting. The other parameters resulting from the Fourier fits, R 21 = a 2 /a 1 , φ 21 = φ 2 − 2φ 1 , a 4 , and a 2 are also listed. Amp. 10 is the direct amplitude in the 10-90% range of the magnitude distribution (see for details, Section 5.4) and 'Type' refers to the variable type. The NIR J, H, K s magnitudes and the number of corresponding objects in 2MASS are found under the column headings 'J,' 'H,' 'K s ,' and 'n 2MASS ,' respectively. The single exposure photometry data and suspected variables catalog are available online, including their 'SourceID,' 'R.A. (J2000),' 'Decl. (J2000),' 'MJD' (modified Julian date), 'W1mag', 'W2mag', 'e W1mag' and 'e W2mag'.
New variables
To validate our catalog, a comparison with known variables is required. The SIMBAD website provides a collection of almost all variables previously found in the Catalina, OGLE, and ASAS surveys, among others. We cross matched our 50,296 variables with SIMBAD positions using a 5 angular radius and selected those objects identified as variables. The majority of the known variables were found within angular radii of 1 − 2 . The variables contained in the Catalina, OGLE, and ASAS catalogs were supplemented. We found that 15,527 objects had been found previously; the remaining 34,769 are new variables. Table  3 lists the statistics of the newly found variables. EW-and EA-type eclipsing binaries encompass the majority of the new variables; 1231 new RR Lyrae and 1312 new Cepheids were also found. Contamination levels were estimated based on comparisons of our classified types to the known types. For short-period variables such as EW and RR, the contamination fraction was around 5%, increasing to 10% for long-period variables. In total, 93% of our new classifications matched those previously obtained. Figure 5 shows the distribution of the new variables in Galactic coordinates; 90% are located within ±20
• of the plane, an area obscured in optical surveys. Most of the other new objects are located close to the equatorial poles, regions that were poorly sampled by the Catalina survey. A hole is present at the position of the LMC, where numerous variables were detected by the OGLE survey. The direction to the Galactic Center is also less populated, since the WISE detection efficiency decreases in crowded environments. Figure 6 shows the NIR color-magnitude diagram of these variables; colors denote the number of objects in bins of 0.035 × 0.055 mag. Approximately 1000 objects have color excesses E(J − K) > 1.0 mag, which implies that they are affected by A Ks > 0.5 mag of extinction if we adopt the A J /A Ks = 3.13 NIR extinction law of .
Comparison with the Catalina catalog
Compared with SIMBAD, the type classification in the Catalina catalog is more homogeneous and uniform. Therefore, we also performed one-to-one matches with the 110,000 variables in the Catalina catalog, again using a 5 angular radius for completeness, of which more than 10,000 objects matched. Table 4 reflects the detailed type comparison. The fraction of misclassifications is similar to that listed in Table 3 . For EW-type variables, common contamination sources are RRc and rotating stars, since both types exhibit symmetric light curves. Multiple-period RRd-type variables comprise other types of contaminants. We have excluded them from our final sample, since their main periods were not properly determined in our analysis. For EA-type variables, EWs are the main contaminants. The same conclusion was drawn based on matching the Catalina and LINEAR catalogs (see Drake et al. 2014 , Table 6 ). In optical bands, the boundary between RR Lyrae and eclipsing binaries is obvious and the fraction of misclassifications is less than 0.1%. However, in the MIR, approximately 6% of RR Lyrae are classified as eclipsing binaries. Some RR Lyrae show strong phase and amplitude modulations; they are known as RR Lyrae exhibiting the Blazkho effect. The effect is also visible but not obvious in the MIR, so we do not identify these objects separately. 'EW/EA' and 'EA/RR/EW' types indeed include high fractions of different types of variables, and no further classification refinements are possible. Most Cepheids in the Catalina catalog are Cep-IIs and ACeps, since the survey avoids the Galactic plane. The rate of contamination is a little higher than in the plane because of the smaller population of Cepheids here. We also compared our independently determined periods to those provided in the Catalina catalog. 98% of the variables have period differences |∆P | < 0.02 days: see Figure  7 . The other 2% of variables showing large differences are mainly eclipsing binaries. Their period difference is likely driven by the fact that the harmonic frequency or an adjusted frequency are adopted in the Catalina catalog. 92% of the variables have period differences of less than 0.001 day, and 76% have period differences of less than 0.0002 day. This implies that our MIR periods are as good as the optical periods.
Completeness
We also compared the sample of known Catalina variables with our rediscovered variables sample to evaluate the completeness of our catalog. Variables with amplitudes larger than 0.1 mag and periods in the range 0.28 < P < 15 days are considered, since beyond these constraints few variables are detected in our catalog. The completeness for each magnitude range is listed in the second column of Table 5 ; its level decreases as the variables become fainter. In addition, variables with V > 16 mag are more incomplete owing to the detection limit. The ∼50% completeness levels mean that our variables are highly affected by our selection procedure, which could be improved based on enhanced photometric data or in-depth analysis of the poorest-quality light curves. The corrected completeness levels are listed in the third column, for which we considered suspected variables, non-detections, and low-variability-flag objects in the ALLWISE database. An 80% corrected completeness means that the variables' identification process is good. The corrected completeness is better than 85% for all variables except for EA-type eclipsing binaries (60%). This is caused by the short time spent in the eclipse phase for EA-type eclipsing binaries, which may not be well-detected by WISE.
Amplitude comparison
The amplitudes of the light curves can be estimated based on the best Fourier fit or directly from the difference between the n% and 100 − n% magnitude range. Note that using different methods or parameters may lead to the determination of different amplitudes. To determine the most suitable amplitude for our MIR light curves, we estimated the amplitudes in a number of ways, by varying our input parameters. The amplitude increases with increasing Fourier-series order for the first method, while it decreases for increasing n when applying the second method. We compared the amplitudes resulting from the two methods and found that the most appropriate amplitudes were given by the combination of the 10 thorder Fourier series, Amp. F10 , and the 10-90% range in magnitude, Amp. 10 . Figure 8 shows the comparison of the two amplitudes. For variables with small amplitudes (Amp. F10 < 0.3 mag) the directly measured amplitude is larger than that from the Fourier fit. However, for large-amplitude variables (Amp. F10 > 0.3 mag), the best-fitting Fourier amplitude is the larger one. We have included both amplitudes in the final catalog. plitudes (Amp. F10 ) have been adopted. The EW, EA, RRab, and Cep-II variables have the same classifications in both our catalog and the Catalina catalog. RRc and Blazkho RR Lyrae have not been classified separately in our catalog, so we adopted the Catalina types here. Cep-Is were compared with the 446 classical Cepheids studied by Berdnikov et al. (2008) . Our comparison shows that amplitude changes caused by geometry, such as eclipse and radius variations, follow the one-to-one line, while amplitude modulation caused by effective temperature variations follow a much shallower trend (see the dashed lines). The two components of EWs have similar temperatures, and the amplitude modulation is mainly caused by eclipses, which result in similar amplitude from the optical to the infrared regime (see also Chen et al. 2016) . For EA-type variables, both components have different effective temperatures, and they therefore deviate from the one-to-one line.
Pulsating stars (in their fundamental mode) exhibit obvious effective temperature variations, and they follow the dashed lines. In detail, RRab and Cep-Is follow different relations, A W 1 = (0.121±0.004)A V +(0.195±0.003) mag and A W 1 = (0.30±0.01)A V mag, respectively. These are comparable to previously published NIR template light curves: RRab, A K = (0.108 ± 0.018)A B + (0.168 ± 0.024) mag (Jones et al. 1996) ; Cep-Is, A Ks = (0.32 ± 0.01)A V mag (Inno et al. 2015) . Orange solid circles are RR Lyrae exhibiting the Blazkho effect. They follow the same relation as the RRab. Unlike fundamental-mode pulsating stars, overtone pulsators have similar amplitudes in optical and infrared bands. Black solid circles represent RRc; they are close to the one-to-one line. Eight LMC first-overtone Cepheids (not shown) also have similar I-and W 1-band amplitudes. Cep-IIs are more complicated; long-period Cep-IIs (P > 10 days) are located close to the one-to-one line, while short-period Cep-IIs are located close to pulsating line, with some exceptions. These features are also visible in the NIR bands (Bhardwaj et al. 2017 , Figure 1 ). This diagram provides another means to classify variables when the number of detections is insufficient for light curve analyses.
The good agreement in terms of classification, period, and amplitude with respect to the Catalina catalog validates that our MIR variable characterization is indeed highly reliable.
Light curves and applications
In this section, some light curves of the new variables are shown and a brief discussion of their possible future application is presented.
Cepheid
Classical Cepheids are the most important and among the most accurate distance indicators used for establishing the astronomical distance scale. Compared with extragalactic Cepheids, Cepheids in our Galaxy are poorly detected. Some 500 of Cepheids with good photometry were listed by Berdnikov et al. (2008) . Around 800 Cep-Is are included in the ASAS catalog (Pojmanski et al. 2005) . However, contamination of the sample is a problem. To date, only 450 Cepheids are usually used to study Galactic structure (Genovali et al. 2014) . Note that these Cepheids are predominantly located in the solar neighborhood. Because of the heavy reddening and crowded environment in the inner plane, only a few to a few dozen Cepheids have been found there (e.g. Matsunaga et al. 2013 Matsunaga et al. , 2015 Dékány et al. 2015; Tanioka et al. 2017; Inno et al. 2018) . Here, we report 1312 newly discovered Cepheids; the majority are classical Cepheids in the inner plane. This should promote (Chen et al. 2015 (Chen et al. , 2017 Lohr et al. 2018) , since it may help us understand the evolution of intermediate-mass stars (Smiljanic et al 2018) . Figure 10 shows 20 randomly selected Cepheid light curves. Our Cepheid sample is contaminated by roughly 10% of objects that are actually eclipsing binaries, rotating stars, and long-period quasi-periodic variables; their nature should be double checked based on their color, extinction, and distance properties.
RR Lyrae
RR Lyrae comprise another useful distance indicator that could trace old environments with 4-5% distance accuracy (Catelan et al. 2009 , and references within). They are advan- tageous to study the Galactic halo (Vivas & Zinn 2006; Sesar et al 2010; Drake et al. 2013) , bulge (Gran et al. 2016) , as well as the solar neighborhood (Layden 1994 (Layden , 1998 . The 1231 newly discovered RR Lyrae in our catalog expand the number of known RR Lyrae in the solar neighborhood, especially in reddened regions. Figure 11 shows example light curves of new RR Lyrae. In this period range, 6% of misidentified eclipsing binaries are hard to exclude only based on their light curves. Colors, independent distances, or amplitudes in optical bands would be helpful to improve the sample's purity.
Eclipsing binaries
Eclipsing binaries are among the most plentiful variables in the periodic variable catalog. Based on their light curves, they are divided into three subtypes: EA, EB, and EW type refer to detached, semi-detached, and contact binaries. The majority of EW types are overcontact, contact, or near-contact eclipsing binaries, which follow the relevant PLR in some period range. In particular, W UMa-type contact binaries in the period range 0.25-0.56 days are important distance indicators. established their PLRs based on Gaia DR1 parallaxes (Gaia Collaboration 2016). They could be used to trace distances to an accuracy of 7-8% in W 1 band. With the updated Gaia DR2 parallaxes, the accuracy could be improved to 6% (0.13 mag) in the W 1 band. also studied the structure of the solar neighborhood based on more than 20,000 W UMa-type contact binaries from the Catalina and ASAS catalogs. However, the Galactic plane was not covered. The 20,000 newly discovered EW-type eclipsing binaries fill in the Galactic plane and allow us to construct a complete sample covering distances out to 2-3 kpc from the Sun. Figure 12 shows example light curves of EW-type eclipsing binaries.
Compared to EW, it is easy to identify the eclipse onset in EA light curves (see Figure  13 ). The majority of EAs are detached eclipsing binaries. Combining the light and radial velocity curves, detached eclipsing binaries are the best objects one can use to determine stellar parameters and accurate distances (Grundahl et al. 2008; Pietrzynski et al. 2013 ). 
Conclusions
In this paper, we have collected five-year ALLWISE and NEOWISE-R data to detect periodic variables. Based on 2.7 million high-probability candidates in ALLWISE, we found 50,282 periodic variables and an additional 17,000 suspected variables. With more than 100 detections each, these variables represent a well-observed catalog. A global variable classification scheme based on W 1-band light curves was established and the first all-sky infrared variable star catalog was constructed. Among the catalog's 50,282 periodic variables, 34,769 are newly discovered, including 21,427 EW-type eclipsing binaries, 5654 EA-type eclipsing binaries, 1312 Cepheids, and 1231 RR Lyrae. The newly found variables are located in the Galactic plane and the equatorial poles, which where were not well covered in earlier studies. Since the W 1-band extinction is one-twentieth of that in the V band, these variables can be used to pierce through the heavy dust in the Galactic plane. A careful parameter double check with the literature for the reconfirmed variables was done, resulting in misclassification rates of 5% and 10%, respectively, for short-and long-period variables. Type, period, and amplitude comparisons with the Catalina catalog not only validated our sample of variables, but also implied different optical-infrared properties for different types of variables.
The newly found variables can be used to trace new structures or better study the Galactic plane, the spiral arms, and the solar neighborhood. Especially for Cepheids, the number of known objects has increased by an order of magnitude in the inner plane. The scatter, zero point, and systematics of Cepheid, RR Lyrae, and W UMa-type contact-binary PLRs will also benefit from this expanded sample. These objects are helpful to study stellar evolution based on a more complete sample. In addition, based on some variables located in heavily reddened regions, the infrared extinction law may be better characterized. To avoid the detection of false positives, these 50,282 variables are highly selected variables with completeness levels in excess of 50%. WISE operations are continuing, and an additional 30,000 variables are expected to be found based on the enhanced data. These MIR variables are also interesting candidates for future targeted campaigns with the James Webb Space Telescope.
